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Abstract 
In recent years, several applications for the laser ablation of thin metal films from the glass substrate side have been studied. In 
this case, the laser pulse transmits through the glass substrate, the metal film absorbs the pulse, and the energy is confined at the 
molybdenum-glass interface. The ablation mechanism is called confined laser ablation. It was observed that the confined laser 
ablation of 430 nm thin molybdenum films with ultrashort laser pulses leads to the lift-off of intact disks. The ablation efficiency 
can be increased by a factor of 10 compared to the direct ablation from the film side. The goal of the study is to investigate, if a 
confined ablation, which enables this high ablation efficiency, can be achieved also at different pulse durations and film 
thicknesses. For this purpose, the pulse duration is varied between 20 ns and 330 ns at a constant film thickness of 430 nm, and
the film thickness is varied between 10 nm and 5000 nm at a constant pulse duration of 10 ps. The single pulse ablation threshold
fluences are determined for the film and glass substrate side irradiation. The determined threshold fluences are finally compared 
to calculated melting and evaporation threshold fluences. The results suggest that the ablation mechanism for glass side ablation 
is based mainly on melt dynamics, if the effective penetration depth of the laser pulse is in the order of the film thickness. A high 
efficient confined ablation can be observed, if the effective penetration depth is smaller than the film thickness. 
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1. Introduction 
In recent years, several applications for the laser ablation of thin metal films have been discovered. Selective 
laser structuring by direct laser ablation as shown by Zoppel et al. (2007) and Compaan et al. (2000) was performed 
by film side irradiation. Typical application for the glass side irradiation of metal films are the laser induced forward 
transfer (LIFT) as shown by Bohandy et al. (1986), laser lift-off as shown by Wong et al. (1998), or laser shock 
processing as shown by Fabbro et al. (1990). An overview of these applications is given in Fig. 1. 
In the case of selective laser structuring, the laser “lift-off” (process (d) in Fig. 1) is of special interest. Here, the 
effective penetration depth of the laser pulse Geff, which depends on the optical and thermal penetration depth, 
becomes small compared to the thickness of the absorbing layer dabs by having high absorption and applying 
ultrashort laser pulses. This leads to a confinement of the energy at the molybdenum-glass interface and initiates a 
so called confined laser ablation. Heise et al. (2011) observed that the ablation efficiency for the confined ablation of 
a 430 nm thin molybdenum with ultra-short laser pulses can be increased by a factor of 10 compared to the direct 
ablation from the film side in case (a) of Fig. 1. Moreover, holes can be created in the film without burr and melt 
formations at the edges. In order to understand the driving mechanisms of this efficient and precise ablation process, 
analytic calculations by Heise et al. (2012), a numerical simulation by Sotrop et al. (2013) as well as time-resolved 
investigations by Domke et al. (2012a) and Bartl et al. (2013) were performed. The simulation by Sotrop et al. 
(2013) and recent time-resolved investigations by Domke et al. (2013) suggest that confined laser ablation is caused 
by an ultrafast thermal expansion during heating and melting of the laser-matter interaction zone, generating a 
shockwave that leads to mechanical bulging of the metal film. The lift-off of an intact disk was observed at about 
20 ns by Domke et al. (2012a) and Bartl et al. (2013). 
The goal of the study is to investigate, if a confined ablation, which enables high ablation efficiency, can be 
achieved also at different pulse durations and film thicknesses. For this purpose, the single pulse ablation threshold 
fluences are compared for the film and glass substrate side irradiation of 430 nm thin molybdenum films with pulse 
durations between 20 ns and 330 ns. The same investigations are performed for film thickness between 10 nm and 
5000 nm with 10 ps-pulses. The determined threshold fluences are then compared to calculated melting and 
evaporation threshold fluences. 
Fig. 1. Overview of laser and sample conditions, ablation results, and applications for film (grey, abs.) and glass substrate side (blue, trans.) 
irradiation of thin metal films. The ablation effect also depends on the relation between the effective penetration depth Geff and the film thickness 
of the absorbing layer dabs. The glass substrate side irradiation then enables a confined ablation under the conditions in case (d) and (e). 
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2. Material & Methods 
Samples 
The samples consist of 10, 20, 50, 100, 250, 430, 720, 1000, 2000, and 5000 nm thick molybdenum films on 3” 
round and 1 mm thick soda-lime glass substrates. 
Laser system 
The ns-laser ablation experiments are performed with an amplified diode laser with programmable pulse shape 
from picoQuant, model PPL 400. The wavelength is 1062 nm and the pulse duration can be tuned between 1 ns and 
330 ns. The temporal pulse profile is rectangular. The pulse is focused to a spot radius of w0 = 17 µm at the 1/e² 
intensity level. 
The ps-laser ablation experiments are performed using an ultrafast laser source from High Q Laser, model 
picoREGEN, with a wavelength of 1064 nm and pulse duration of 10 ps. The beam is focused to a spot radius of 
w0 = 20 µm at the 1/e² intensity level. 
The relation between the ablation threshold fluence and the state of matter 
The process threshold fluences for melting Fm or evaporation Fv of the molybdenum film can be estimated from 
the melting and evaporation enthalpy as shown in Heise et al. (2012), Byskov-Nielsen et al. (2010), and Matthias et 
al. (1994). A specific energy density (energy per unit volume) Em/V or Ev/V is necessary to initiate melting or 
evaporation of the material, respectively. The material with the density U = 10200 kg/m³ and the heat capacity 
cl =250 J kg
-1 K-1 must be heated from room temperature Tr = 293 K to the melting or vaporization temperature 
Ts = 2896 K or Tv = 4912 K. The melting and evaporation heat is 'Hm =290 kJ/kg and 'Hv = 6580 kJ/kg. The 
parameters were taken from Heise et al. (2012). The energy density for melting then calculates to 
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In cases (a), (d) and (e) in Fig. 1, it is assumed that the energy deposition in the depth follows Beer’s law. The 
energy density thus decreases exponentially with the depth. The effective penetration depth is Geff. The threshold 
fluence for melting or vaporization Fm,v of the surface then calculates to 
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In the case (b) or (c) in Fig. 1, it can be assumed that the energy is distributed homogeneously over the film 
thickness dabs. The threshold fluence for melting or vaporization of the film Fm,v then calculates to  
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where Ra = 0.7 is the reflectivity for film side irradiation and Rg = 0.57 is the total reflectivity for glass substrate 
side irradiation of molybdenum with a wavelength of about 1064 nm. The optical properties for molybdenum to 
calculate the reflectivity with the Fresnel equations were taken from Ordal et al. (1983). 
3. Results 
The penetration threshold for film and glass substrate side irradiation of molybdenum with ns-pulses 
Fig. 2 contains microscope images showing holes in 430 nm thin molybdenum films, which were created by film 
and glass substrate side irradiation with a pulse duration of 100 ns at fluences of 2.2 J/cm² and 1.8 J/cm², 
respectively. Micro cracks around the hole, a melt burr at the edges, and a droplet in the center can be observed in 
both images. The penetration threshold fluence for film and glass substrate side irradiation of 430 nm thin 
molybdenum films with different pulse durations from 20 ns - 330 ns was determined using the method of Liu 
(1982). The penetration threshold is defined as the minimum fluence to create a circular hole in the film. The 
determined penetration threshold fluences and the calculated threshold fluences for melting and evaporation of the 
entire film from equation (4) are compared in Fig. 2.  
The results indicate that the penetration threshold is independent of the pulse duration for film and glass substrate 
side irradiation. This suggests that the pulse energy is distributed homogeneously in the film (compare Fig. 1 (b) and 
(c)). Heat diffusion to the glass substrate and the ambient atmosphere obviously can be neglected because the 
orientation of the sample side does not have an influence on the penetration threshold. 
The penetration threshold fluence is almost equal to the calculated melting threshold fluence for film and glass 
substrate side irradiation. In addition, the microscope images show the same crater morphology. The ablation 
process could thus be based on the same mechanism in both cases, and it seems to be driven mainly by the melt 
dynamics, because no additional energy is necessary. 
Fig. 2. The microscope images show holes in 430 nm thin molybdenum films, which were created by film (left) and glass substrate side 
irradiation (right) with a pulse duration of 100 ns. Micro cracks around the hole, a melt burr at the edges, and a droplet in the center can be 
observed in both images. The threshold fluence to create a hole is called penetration threshold fluence. The two diagrams show the penetration 
threshold fluences for film (left) and glass substrate side (right) irradiation of a 430 nm thin molybdenum layer in dependency of the pulse 
duration. The lower blue and the upper red line indicate the calculated melting and evaporation thresholds, respectively, taking reflectivity into 
account. The measured penetration threshold fluence agrees with the calculated melting threshold for film (left) and substrate side (right) 
irradiation.  
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Film and glass side irradiation of molybdenum films with different thickness using ps-pulses 
Fig. 3 shows microscopy images of molybdenum films with different film thicknesses after film (upper two rows) 
and substrate side irradiation (lower two rows) with single laser pulses from the 10 ps-laser source.  
The yellow and red quarter circles in the upper two rows indicate the process diameter of the ablation crater and 
of the hole in the film, respectively. The corresponding threshold fluences are called ablation and penetration 
threshold. The diameters overlap for film thicknesses below 100 nm and are marked by a yellow quarter circle.  
The yellow quarter circles in the lower two rows indicate the diameters of domes or holes in the film. Bulging of 
the film to a dome is not observed at film thicknesses below 100 nm. At a film thickness of 100 nm, two different 
process diameters can be observed. The inner diameter, which corresponds to penetration of the film, is indicated by 
a red quarter circle. The outer diameter corresponds to bulging. For thicker films above 100 nm, the diameter of the 
dome turns into a hole, if the fluence is increased. The threshold fluence for film bulging is called bulging threshold. 
The fluence at the transition from dome to hole is called punching threshold fluence. 
Fig. 3. Microscopy images of molybdenum films with different film thicknesses after film (upper two rows) and substrate side (lower two rows) 
irradiation using a 10 ps laser with a wavelength of 1064 nm and a spot radius of 20 µm. The numbers in the upper left corner of the images 
indicate the fluence of the laser pulse in [J/cm²]. Film side irradiation: The yellow and red quarter circles indicate the diameters of ablation craters 
and holes in the film, respectively. Substrate side ablation: The yellow quarter circles indicate the diameters of domes and holes in the film. The 
red quarter circle at 100 nm corresponds to penetration. 
Threshold fluences in dependency of the film thickness using ps-pulses 
The process threshold fluences for the film side irradiation of the molybdenum films with 10 ps pulses in Fig. 4 
were determined using the method of Liu (1982). Fig. 5, left shows the corresponding threshold fluences for ablation 
and penetration in dependency of the film thickness, as well as the calculated threshold fluences for melting and 
evaporation of the entire film from equation (4). The threshold fluences for ablation and penetration are equal and 
increase with the film thickness between 10 nm and 50 nm. However, the ablation threshold fluence becomes 
constant between 50 nm and 5000 nm. The same transition was already observed by Wellershoff et al. (1999) for the 
melting threshold fluence of molybdenum films and can be explained as follows. The effective penetration depth Geff,
which is defined by optical absorption and thermal diffusion, is limited by the film thickness dabs up to 50 nm. In this 
case (Geff > dabs), the energy is distributed homogeneously in the film. The ablation threshold should thus be 
proportional to the film thickness according to equation (4). With increasing film thickness, however, dabs becomes 
larger than the effective penetration depth Geff (dabs ! Geff). In this case the film thickness dabs is above 50 nm; thus 
the laser pulse energy is distributed heterogeneously in the film. The ablation threshold should then remain constant 
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according to equation (3). In contrast to the ablation threshold fluence, the penetration threshold fluence increases 
with the film thickness between 50 nm and 430 nm. A comparison with the calculated thresholds for melting and 
evaporation indicates that the process of penetration consumes more energy than necessary for complete melting of 
the film, but less energy than necessary for a complete evaporation process. Consequently, the penetration could be 
driven by melting and partial evaporation. 
The bulging threshold fluence for substrate side irradiation of the molybdenum films in Fig. 4 was also 
determined using the method of Liu (1982). The punching threshold fluence describes the minimum fluence that is 
necessary to create a hole in the film. Fig. 4, right shows both threshold fluences in dependency of the film 
thickness, as well as the calculated threshold fluences for melting and evaporation of the entire film from equation 
(4). The bulging and the punching threshold fluences are equal and increase with the film thickness between 10 nm 
and 50 nm. The threshold fluence is here higher than the calculated melting threshold fluence. This suggests that the 
ablation is driven by melt dynamics. The bulging threshold then remains constant at film thicknesses between 50 nm 
and 430 nm, but increases again between 720 nm and 2000 nm. In contrast, the punching threshold increases 
approximately linear with film thickness between 50 nm and 2000 nm. Both, the bulging and the punching threshold 
fluences lie below the calculated melting fluence above 50 nm. Thus, due to the energetics, the ablation cannot be 
based on complete melting or evaporation. This is well in agreement with the observation that intact molybdenum 
disks are ablated. 
Fig. 4. Left: Ablation and penetration threshold fluences for the film side irradiation of molybdenum films with 10 ps pulses in dependency of the 
film thickness. Right: Bulging and punching threshold fluences for glass substrate side irradiation of molybdenum films in dependency of the 
film thickness. The blue and the red line indicate the calculated melting and evaporation thresholds, respectively, taking reflectivity into account. 
4. Discussion 
The results are now used to define the conditions for a confined laser ablation process. Therefore, the transition 
from case (c) to case (d) must be found. One characteristic property of a confined laser ablation in case (d) is the 
bulging of the film. The divergence of the bulging and the punching threshold fluence thus defines the minimum 
film thickness to achieve a confined ablation. Fig. 4, right shows that this criterion is fulfilled at a film thickness 
between 50 and 100 nm. 
This leads to the question for the driving ablation mechanism in case (c). Homogeneous heating can be achieved 
by the irradiation of a 430 nm thin molybdenum film with ns-pulses, or by irradiating a 10 nm to 50 nm thin Mo 
film with ps-pulses. The threshold fluence for the penetration of 430 nm molybdenum with ns-pulses agrees well to 
the calculated melting threshold fluence. Interestingly, there is no significant difference between the absorbed 
threshold fluences for film and glass substrate side irradiation for 10 ps-pulses. In contrast, the threshold fluence for 
the removal of a 10 nm and 20 nm thin film with 10 ps-pulses is about twice the calculated melting threshold 
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fluence for film and glass side irradiation; furthermore compared with the ns-case, the necessary energy density in 
[J/mm³] is also about twice as high as for ns-pulse durations. A part of the higher difference between the measured 
and calculated values could be related to the transparency of metal films at thickness close to the optical penetration 
depth. Nevertheless, the magnitude of the difference suggests that the ablation could be driven here with 10 ps-
pulses, like in the ns-case, mainly by melt dynamics. In conclusion, the absorbed threshold fluences for the film 
penetration are equal for glass substrate side and film side irradiation with ns-pulses and with ps-pulses. This 
indicates that the ablation mechanism is not based on confined ablation. 
The bulging threshold fluence is independent of the film thickness between 50 nm and 430 nm. It shows the same 
behavior as the ablation threshold for film side irradiation in Fig. 4, left. This indicates that the confinement of an 
ablation drives the bulging of the film. A confined ablation thus requires that the relation between the film thickness 
and the effective penetration depth should be dabs > Geff.
The following limitations can be found for large film thicknesses. The bulging threshold increases between 
720 nm and 2000 nm. This could be connected to the higher sheer forces needed to “lift-off” thicker films. In 
addition, a more crystalline metal deposition could lead to damping of the shock wave in the film and thus to an 
increase of the bulging threshold. The upper limit for punching was found at 2000 nm. Here, damage of the glass 
starts before the punching is observed. Nonlinear glass absorption could be the reason why it was not possible to 
remove 5000 nm molybdenum films with the maximum fluence available of 30 J/cm². 
In Fig. 4, right it was shown that partial melting of the film could be sufficient to initiate a confined laser ablation. 
This is in well agreement with the Simulation by Sotrop et al. (2013), suggesting that ultrafast thermal expansion 
during heating and melting of the laser-matter interaction zone generates a shockwave that leads to mechanical 
bulging of the metal film. The results indicate that this model could be valid at film thicknesses above 50 nm. 
5. Conclusion 
The goal of this paper was to investigate, if the confined laser ablation, which enables high ablation efficiency of 
430 nm molybdenum films, can be achieved also at different pulse durations and film thicknesses. The results 
suggest that a confined ablation is not possible, if the effective penetration depth of the laser pulse is larger as the 
film thickness (Geff > dabs). This relation is achieved, if the 430 nm thin molybdenum films are irradiated with ns-
pulses in the range of 20 nm to 330 ns, and if film thicknesses between 10 nm and 50 nm were irradiated with laser 
pulses of a duration of 10 ps. Under these conditions, the absorbed threshold fluence does not increase for glass 
substrate side irradiation compared to film side irradiation. Moreover, the comparison to the calculated melting 
threshold fluence suggests that the ablation mechanism for glass side ablation is based mainly on melt dynamics. A 
highly efficient confined ablation can be observed, if the film thickness is larger than the effective penetration depth 
(dabs ! Geff). This was observed for the ablation of film thicknesses between 50 nm and 430 nm with 10 ps pulses. For 
thicker films, the higher sheer forces are necessary, which increase the bulging threshold. The upper limit for the 
punching was found at 2000 nm. Here, damage of the glass already starts before the punching. 
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